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TANGENTIAL CONE CONDITION FOR THE FULL WAVEFORM
FORWARD OPERATOR IN THE VISCOELASTIC REGIME:
THE NON-LOCAL CASE

MATTHIAS ELLER, ROLAND GRIESMAIER, AND ANDREAS RIEDER

ABSTRACT. We discuss mapping properties of the parameter-to-state map of full wave-
form inversion and generalize the results of [M. Eller and A. Rieder, Inverse Problems
37 (2021) 085011] from the acoustic to the viscoelastic wave equation. In particular we
establish injectivity of the Fréchet derivative of the parameter-to-state map for a semi-
discrete seismic inverse problem in the viscoelastic regime. Here, the finite dimensional
parameter space is restricted to functions having global support in the propagation
medium (the non-local case) and that are locally linearly independent. As a conse-
quence we deduce local conditional wellposedness of this nonlinear inverse problem.
Furthermore, we show that the tangential cone condition holds, which is an essential
prerequisite in the convergence analysis of a variety of inversion algorithms for nonlinear
illposed problems.

1. INTRODUCTION

Time-domain full wave form inversion (FWI) aims to determine material parameters
(such as mass density, shear and pressure wave speeds) of the earth’s subsurface from
reflection measurements of seismic wave fields (seismograms), using the full information
content of seismic recordings, see, e.g., [22, 44]. In this work we discuss a theoretical
aspect of FWI in the viscoelastic regime. Unlike purely elastic materials, viscoelastic
materials are endowed with a memory in the sense that the state of stress at a certain
instant of time depends on all deformations undergone by the material in previous times
[15]. We consider the viscoelastic wave equation [43] in the velocity stress formulation
based on the generalized standard linear solid rheology as described in [6, 40], see also [22].

Mathematically speaking, FWI is a nonlinear illposed parameter identification prob-
lem for the viscoelastic wave equation with partial measurements of viscoelastic waves.
Usually these waves are initiated by controlled explosions, and the inverse problem is typ-
ically solved using Newton-like iterative regularization schemes, see, e.g., [9, 21, 37, 45].
The mathematical analysis of such schemes (see, e.g., [23, 29, 39]) relies crucially on a
structural assumption on the nonlinear forward map known as the tangential cone condi-
tion (TCC, sometimes also referred to as the n-condition), which was introduced in [41].
A nonlinear operator F': D(F) C V' — W between normed spaces V' and W satisfies the
TCC at 2t € int(D(F)) if there are an 1 € (0,1) and an open ball B,.(z") C D(F') such
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that
|F(v) — Fw) — F'(w)[v —w]||lw < n||F(v) — F(w)||w for all v,w € B,(z").

Here, F': D(F) C V. — L(V,W) denotes the Fréchet derivative of F. We refer to
the monographs [20, 29, 42] and the recent publications [27, 28, 38] as evidence for the
importance of TCC in the regularization theory of nonlinear illposed problems.

For infinite dimensional nonlinear illposed problems the TCC is often difficult to prove,
and it has actually been established for only a few academic examples so far, see, e.g.,
[24, 29, 30]. In a semi-discrete setting for the inverse problem of electrical impedance
tomography a TCC has been derived in [36]. In [19] the authors have shown that the
TCC holds at ™ if V' is finite-dimensional (the semi-discrete situation) and the Fréchet
derivative F'(z") has a trivial null space. Therewith the TCC has been verified for full
waveform inversion in the acoustic regime. In this work we use the abstract result from
[19] to validate the TCC for the FWT forward operator in the viscoelastic regime provided
the parameters (mass density, shear and pressure wave velocities with corresponding
scaling factors) are restricted to a suitable finite-dimensional space, which is spanned by
functions being analytic in the propagation medium (the non-local case).

Injectivity of the F’(z™") is sufficient not only for the TCC in the semi-discrete setting
as described above but also for Lipschitz stability of the semi-discrete inverse problem.
We note that independent of this observation Lipschitz estimates and associated condi-
tional wellposedness for various semi-discrete inverse problems have recently attracted
increasing interest, see, e.g., [1, 2, 3, 4, 5, 25]. For related works concerning the conver-
gence analysis of regularization schemes for nonlinear inverse problems using conditional
stability estimates we refer, e.g., to [13, 16, 31].

The outline of this work is as follows. We begin our presentation in the next section by
introducing the viscoelastic wave equation as a first order hyperbolic system along with
some statements on its wellposedness. Then, we formulate the forward operator ® of the
semi-discrete version of FWI in the viscoelastic regime. An important property is the
Lipschitz continuity of the Fréchet derivative of this forward operator which we state in
Theorem 2.3. The rather technical proof is moved to an appendix. In preparation for our
main result in Theorem 4.3 we provide a control result for the viscoelastic wave equation
in Section 3: given two open subsets X and €2 of the propagation medium, we can find
a source in X such that the resulting velocity field at a sufficiently large time has non-
trivial divergence and non-trivial deviator in € (see Theorem 3.4). The proof relies on
a global Holmgren-John theorem for the homogeneous viscoelastic wave equation across
non-characteristic surfaces from [18] (see also [12] for the corresponding local result). As a
consequence of this controllability, the Fréchet derivative of ® must be one-to-one at each
inner point of the propagation medium (see Theorem 4.2). An application of Lemma C.1
of [19] finally yields the TCC for ® and the Lipschitz-stability of the inverse problem.
We conclude our work with a discussion of possible future research.
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2. THE SETTING

In two subsections we introduce the mathematical background of the considered for-
ward and related inverse problem.

2.1. The forward model.

2.1.1. The wviscoelastic wave equation. Wave propagation in realistic media can be mod-
eled by a viscoelastic wave equation which accounts for dispersion and attenuation [22,
Chap. 5]. Here, we derive the formulation introduced in [46] following the presentation
from [9] and [14]: Let D C R? be a bounded C? domain. The system of first-order
wave equations for viscoelastic media describes the evolution of the particle velocity field
v: [0,00) x D — R® and the stress tensor o: [0,00) x D — RZ%3. It consists of the
balance of momentum

o(x)Ow(t,x) =dive(t,x) + f(t,z), (t,z)€[0,00) X D,

and the retarded material law
t
oo (t,x) = C(0)e(v(t,x)) + / 0C(t —s)e(v(s,x))ds+g(t,x), (t,z) € [0,00) x D,
0

where' C: [0, 00) — L£(R3X3 R3X3) is the time-dependent Hooke tensor, f: [0,00) x D —

Sym? - sym

R? is the volume force density, and g: [0,00) x D — R3%} is the time derivative of the

external moment density. Further, o: D — R is the mass density and
1
e(v) = 3 [(Vov)" + V0]
is the linearized strain rate.
In the generalized standard linear solid rheology using L € N damping terms one defines

(2.1) C(t) :=C(p,m) + Zexp ( >C’(Ts,u, PT)

t
To,l
with relaxation times 7,; > 0, [ = 1,..., L. The functions 7p,7¢: D — R are scal-
ing factors for the unrelaxed bulk modulus 7: D — R and shear modulus p: D — R,
respectively. The linear map C(m,p): R3X3 — R3X3 m, p € R, models a Hooke element

sym sym?
(2.2) C(m,p)M :=2mM + (p — 2m) trace(M)I,

where I € R3*3 is the identity matrix and trace(M) denotes the trace of M € R3X3

sym*
Introducing damping tensors o;: [0,00) X D — ngxn?,

oi(t) == /Otexp (S — t)C’(Ts,u,pr)g(v(s)) ds, l=1,...,L,

To,l

and the corresponding stress decomposition & = oy + Zle o, yields the first order
system for viscoelastic waves

L

(2.3a) 00w = div (Zal) +f in [0,00) x D,
1=0

(2.3b) Qoo =C(p,m)e(v)+g in [0,00) x D,

(2.3¢) To1 OO = To C(Ts,u, Tpﬂ') e(v) — oy, l=1,...,L, in [0,00) X D,

1Th]roughout L(Y, Z) denotes the space of bounded linear operators between vector spaces Y and Z.
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with initial conditions
(2.3d) v(0) =vy and oy(0) =09, [=0,...,L.

Wave propagation in viscoelastic media is frequency-dependent, and the relaxation times
Teq > 0 are used to model this dependency in a bounded frequency band with center
frequency wy, see [7, 8]. Introducing the frequency-dependent phase velocities of P- and
S-waves,

L 2.2
T I i WoTq,l
2.4 vE = =1+ 7ma) and vi:=5(1+ s Wltha:zg —_—
( ) P Q( p ) S Q( S ) 1+w87—3,l

=1
full waveform inversion entails the identification of the five spatially dependent parameters
(0,vs, s, vp, Tp) from partial wave field measurements of v and o.

2.1.2. Formulation as an abstract evolution equation. Assuming that g = 0, we rewrite
(2.3) as an initial value problem for an abstract evolution equation. Our assumption on
g is not a principal or strong restriction but eases the presentation somewhat and we can
rely on the wellposedness results of [34]. For the general case we refer to [46].

Our presentation below closely follows [34]. Let

X = L*(D,R®) x L*(D, Ry

Sym

which is a Hilbert space when equipped with the inner product

L
<(’U,O’07...,O'L),(w,'l,bo,...,’l,[)l)>x Z:/ <’U-W—|—ZO’1 Z’I,Z)l> dx
b 1=0

where the colon denotes the Frobenius inner product on R3>3,
For suitable” w = (w, %y, ...,%1) € X we define operators A, B, and () mapping into
X by

div (SFy ) o X
) Ol %o X
(2.5) Aw:=— _ , B lw = C (rsp, o) 1 ,Qu = | ma ¥
e(w) C(Tsu, Tpﬂ') (3 To-l,L Y
Therewith, (2.3) can be reformulated as
(2.6) Bowu(t) + (A+ BQ)u(t) = f(t), te€ (0,00), u(0)= up,

where
u(t) = (’U(t, ')a 0-0<t7 ')v S 70-L(ta '))Ta f(t) = (f(t7 ')7 0,... 70)T7
and Uy = (’Uo, 00,0, -- ,O'L70>T.

In the remainder of this subsection we provide a domain D(A) C X for the differential

operator A and we specify ranges for p, 7, 75, and 7p, such that (2.6) is wellposed.
We define

D(A) := H}(D,R?) x H(div)'*t*

2A rigorous description of the domains of these operators will be given below.
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with
H(div) = {o € L*(D,R2:}) : dive,; € L*(D), j =1,2,3}.

Then, the operator A: D(A) C X — X is maximal monotone (see, e.g., [34, Lmm. 4.1]).
Now we consider the operator B. To this end we regard C of (2.2) as a mapping’

C: D(C) — Aut(R2%%)  where D(C) := {(m,p) e R*>  m <m <m, p<p<p}

sym

with constants 0 < m < m and 0 < p < p such that 3p > 4m. For (m,p) € D(C),
1 p—m

2.7 C == — .
(2.7) )t = ()
Moreover, (C(m,p)M): N =M : (C(m,p)N) and
(2.8)  min{2m,3p —4m} M : M < C(m,p)M : M < max{2m,3p —4m} M : M,
see, e.g., [46, Lmm. 50].

As explained above, in FWI the five parameters (o, vs, 75, vp, Tp) are to be recovered
and B depends on them via the relations

(2.9) W:—QU% /L:—Qvg
' 1+ mpa 1+ 150’

see (2.4). Throughout we restrict these five parameters to the physically meaningful set

(2.10) P := {p = (p1,...,ps) € L®(D)’ : 0min < p1(-) < Omaxs Ug.min < P2(+) < US max,
TS, min < p3(> < TS,max, UP,min < p4() < UP max;, TP min < p5<) < TP, max a.€. in D}

with suitable bounds 0 < 9min < Omax < 00, etc. In view of (2.9) we deduce

2 2
Omin US,min Omax US,rnax

(2.11) fnin = and  fypay 1=

1+ TS, max®¥ 1+ TS, min¥

as lower and upper bound on y, and we observe that pimm < g < fimax for all (o, vs, 75, vp, 7p) €
P. The bounds 7y, and my.y for 7 are defined accordingly by replacing s by p in (2.11).

Next we determine p, p, m, and m such that (u, ), (7sp, 7pw) € D(C) whenever
(0,vp,vs, TP, 75) € P. In fact, this can be achieved by setting

P = Mmin min{l, 7p min} and P := Tmax max{l, 7o max

with m and m defined correspondingly. The restriction 3p > 4m is equivalent to
Z_l Omax 1 + 7-P,maxo*‘ max{l, TS,max} U]%,min
3 Omin 1+ TS, min¥ min{l, TP,min} Ug,max

We note that (2.12) implies that the family of selfadjoint operators {B = B(p) : p €
P} C L(X) is uniformly positive definite and uniformly bounded.

(2.12)

Remark 2.1. As there is no a priori physical relation/restriction between the scaling
factors s and p it might happen locally that the shear wave travels faster than the pressure
wave, see (2.4). In many applications in seismic and seismology it is often assumed that
75 ~ 7p." In this case, relation (2.12) mathematically expresses the common observation
that pressure waves propagate faster than shear waves.

3x3

sym onto itself.

3We denote by Aut(R3%3) the space of isomorphisms from R
4Personal communication by Thomas Bohlen (Karlsruhe Institute of Technology, Geophysical

Institute).
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Finally, given the assumptions and restrictions from above, we can state the following
wellposedness results: If ug = (v, 000, ...,010)" € D(A) and f € W([0, 00), L*(D,R?)),
then (2.6) (or equivalently (2.3) with g = 0) admits a unique classical solution u =
(v,00,...,0L)" € €([0,00),D(A)) N EL([0,00), X) (see, e.g., [34]). On the other hand, if
up = (vg, To0,...,000)" € Xand f € LL ([0,00), L*(D,R?)), then (2.6) (or equivalently
(2.3) with g = 0) admits a unique mild solution u = (v,0y,...,0.)" € C([0,00), X),
which satisfies

(2.13a) /tu(s)ds € D(A), t € 1]0,00),
and
(2.13b) Bu(t) = Buy — (A + BQ)/ u(s)ds +/ f(s)ds, t €10, 00),

(see, e.g., [26, Thm 2.15]).

Remark 2.2. Below in Section 3 we will need to extend the (mild) solution of the ho-
mogeneous version of (2.6) to negative times. This extension is possible because A is
skew-symmetric, i.e., —A = A*, and A* is mazimal monotone (see [33, Rem. 3.2]). The
homogeneous version of (2.6) for negative time reads

(2.14) —Bowu(—t) + (A" — BQ)u(—t) =0, te (0,00), u(0)= up.
The same arguments as in [34, Sect. 3] can be used to show that (2.14) admits a unique

(mild) solution, which satisfies
0

Bu(—t) = Buy — (A" — BQ) /Otu(—s)ds = Buy+ (A + BQ)/ u(s)ds, t €0, 00),

—t
(see, e.g., [26, Thm 2.15]). Therewith, the mild solution wu, which satisfies (2.13) with
f =20, can be extended to negative times.

2.2. The (semi-discrete) inverse problem. Let
V :=span{y; analyticin D : j=1,...,M} C L™(D).

Note that the functions {¢; : 7 = 1,..., M} are locally linearly independent over D.
This means that any linear combination that vanishes on a subset O C D with positive
Lebesgue measure must be trivial:

M
(2.15) meas(0) > 0 and Z%’%’b =0 = a;=0,j=1,...,M.
j=1
We write [ - |y := [| - || oo (55)- Specific examples for spaces V' with the required properties

are polynomial spaces and spaces spanned by certain classes of radial basis functions (see
[19, Sec. 3]).

In a seismic experiment, sources are fired at time zero in a non-empty open subset
3 C D and the resulting wave fields are measured in a different non-empty open subset
2 C D until the observation time T > 0 has been reached. Accordingly, the measurements
are in C([0, T], Xq) where Xq := L*(Q,R?) x L*(Q,R2%?). For technical reasons, which
will become clear in the proof of Theorem 2.3 below, we confine the prescribed sources
to

(2.16) W) .= {f € W>([0,T], L*(Z,R*) : £(0) = f'(0) = 0}.
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To formulate the corresponding semi-discrete inverse problem we set V := V° NP and
define the FWI forward operator (parameter-to-source-to-state map) by

(217) ®: VP C VP - g(ngl(z), C([0,7], Xa)), (0,vs,7s,vp,7p) = (£ = ¥(u)),

—W
where u = (v,00,...,0r)" is the classical solution of (2.6) (or equivalently (2.3) with
g = 0) with initial values ug = (vg, @¢0,...,000)" = (0,0,...,0)". Here,

W: (0,71, X) — €([0.7]. Xa).  Wlw.abo.....460) = (wlo. Y abila)

models the measurement process. Note that ZIL:O o1lq, which is the second component
of W(u), accounts for the stress related to ulq.

Now the semi-discrete seismic inverse problem (time-domain full waveform inversion)
in the viscoelastic regime reads:

(2.18) Reconstruct p = (o, vs, 75, vp, 7p) € V7 from a measured version of ®(p).

We will verify in Theorem 4.3 below that in contrast to its infinite-dimensional version,
which is locally illposed (see [34, Thm. 4.3]), the semidiscrete inverse problem is in fact
locally wellposed and Lipschitz stable.

It has been established in [34, Thm. 4.4] that & is Fréchet-differentiable at any p =
(0,vs,7s,vp, 7p) € V2 with derivative ®': V2 C V® — L(V°, W) given by

®'(p)hlf = V@),  h=(,... hs) €V’ feWF (),
where U = (v,0,...,0.)' € C’([O, T1, X) denotes the mild solution of
L
(2.19a) 08T = div (Za) — Oy,
0

=

(219b) B = O, m)e(m) + (h—; Clpm) + 0O 7))e(w).

(2.19¢) oo = C(tsp, Tpm)e(D)

1 h P
~ it (o Clsimmem) + 0O R) (o), 1=1,.. L,
o,l
with initial values
(2.19d) U = (Vo, T00,-..,010) =(0,0,...,0)".
Here v is the first component of the classical solution u = (v, 0y,...,0.)" of (2.6)
(or equivalently (2.3) with g = 0) with initial values uy = (vg,000,...,000) =
(0,0,...,0)". Further,
~ 2vg avd ~ 2vp avd
2.19 = — = hy —
. 27 Vg vd . 27p vp vp
2.19f = h hs, = h
( ) H 1—|—’7‘ch 2+(1+7’sa)2 3 m 1+Tp0é 4+(1+Tp0&)2

The following property of ®" will become important later. Its technical proof is given in
Appendix A.
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Theorem 2.3. The map ®': V2 C V® — L(V5 W) is Lipschitz continuous, i.e.,’

H(I)/<P1) - q)/(pZ)’lL(Vf’,W) S le - p2“v5

for all py,ps € V. The Lipschitz constant depends only on the observation time T and
the bounds Omin, Omax, €tc., that restrict the parameter range P in (2.10).

3. A CONTROL RESULT FOR THE VISCOELASTIC WAVE EQUATION

In Theorem 3.4 below we will establish the existence of a source f € W' (X), which
plugged into (2.3a) initiates a velocity field v with non-trivial divergence and non-trivial
deviator in 2 at time 7" > 0 provided that T is large enough.

We define the bounded linear operator

(3.1) T: L*([0,T] x ¥, R?) — LZ(Q,R?’), =T, )|,

where v is the first component of u = (v,0y,...,01)", the classical solution of (2.6)
(or equivalently (2.3) with g = 0) with initial values uy = (vo,000,...,000) =
(0,0,...,0)". Note that T is well defined as v is continuous in time, and bounded
because ||ulleqo.r),x) S I f |21 qo.m,x) (see [34, p. 2643]). The space L2(2,R?) is the same
as L*(Q,R3) but with the p-weighted inner product

(Y, w)r20r) = (0%, W) 2 (k)

Both spaces share the same topology by the restrictions on g in (2.10).
Lemma 3.1. The adjoint operator T* of T from (3.1) is given by

T L2(Q,R?) — L*([0,T] x £,R?), 7 — w|jprxs,
where g = (w, vy, ..., )" € €([0,T],X) is the unique mild solution of the adjoint wave
equation’
(32)  Bog(t) = (A+BQYg(t), te(©T), ¢T)=(xar0,... 0"
Proof. Let f € L*([0,T] x ¥,R?) and r € L2(Q,R?). To work with classical solu-
tions we choose sequences {fi}r C WHH([0,T], L*(D,R?) and {ri}x C Hy(D,R?)
with fi, — xof in L*([0,7] x D,R?) and 7, — xor in L3(D,R?). Furthermore, let
up = (Vg,00k,---,00x) and gx = (wy, Yok, ..., Pri) be the classical solutions of
(2.6) with initial values u;(0) = (0,0,...,0)" and of (3.2), respectively, when replacing
fby fi:=(fr0,...,0)" and r by 7. We note that wy — w in L?([0,T] x D,R3) and
vp(T,-) = v(T,-) in L*(D,R3) (see [34, pp. 2643)).

Integration by parts yields
(Or(T, ), i) 2 rs) = (@ k(T ), wi(T, -)) L2 re) — (0 k(0, ), wk(0, ) 2 r3)

= (Buy(T), gx(T))x — (ur(0), Bgx(0))x

_ /0 (BOug (), () xlt + /0 (s (), Bygi(t)) xdlt

- / (—(A+ BQux(t) + fr(t), gu(t)) xdt

5The notation E1 < Es indicates the existence of a generic constant ¢ > 0 such that Fy < ¢ Es.
6Since (A + BQ)* = —A + BQ, the same arguments as in [34, Sect. 3] can be used to show that (3.2)
admits a unique mild solution.
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+ / (ur(8), (A + BQ)Y*gx(6)) xt

T
= [ 4l 00 0t = (Fe o
0
Passing to the limit as & — oo verifies the assertion. U

Theorem 3.2. Suppose that o,vs, s, vp, Tp € P are analytic in D. Then the operator T
defined in (3.1) has a dense range, provided that

(3.3) T/2 > dist(x, %) = in£ dist(z,y) for all z € D.
ye
Here, dist denotes the Riemannian distance function in D, which is defined by
b |
. . 1)
3.4 dist(x,y) := mf/ dt, x,y €D,
o4 = o)
with - e
¢*(x) := min { v3(z) S L) Ts(x),vfp(x) L+ Lrp(x)
1+ ars(x) 1+ arp(x)

where the infimum ist taken over all @' -curves v: [a,b] — D connecting x and y.

Before we will prove the theorem we discuss the physical meaning of (3.3). In view of
(2.4) and assuming o &= L (note that o < L), ¢ is about the velocity of the slowest wave
type. The condition says that the allotted observation time 7" has to be large enough
such that even the slowest waves initiated in ¥ can propagate back and forth through D
within the measurement period. In a typical rock formation we expect ¢ to be close to
the shear wave velocity, ¢ ~ vg, but see Remark 2.1.

Proof of Theorem 3.2. From functional analysis we know that 7 has a dense range if and
only if T is injective.

Now, assume that T*r = 0. Let g = (w,%y,...,%)" € C([0,T],X) be the mild
solution of the adjoint wave equation (3.2), i.e., Bd,g = (A+ BQ)*g = (—A + BQ)g
subject to g(T) = (xar,0,...,0)". By the same argument as used in Remark 2.2, g can
be extended to a solution of (3.2) that exists for all times ¢ € R. Denoting this extension
again by g = (w, 9y, ...,9¥.)" € C(R, X) we have that

L
(3.52) 08w = div <Z¢l> iR x D,
=0
(3.5b) po = C(p, ) e(w) in R x D,
(3.5¢) To1 Oy = To C’(Ts,u, Tp7r) e(w) + Y, l=1,...,L, in R x D,

together with the initial conditions w(7T,-) = r and ¥;(T,-) = 0,1 =0,..., L, in D. This
mild solution is the weak solution as well (see, e.g., [33, Cor. 2.5]). From Lemma 3.1
we find that our assumption T*r = 0 means that w = 0 everywhere in [0,7] x X.
Accordingly, (3.5b) together with the homogeneous initial condition implies then that
Yo = 0 in [0,7] x . The L equations in (3.5¢) can be viewed as linear first-order
ordinary differential equations for 4);. Taking into account the homogeneous initial data
we find that

(3.6)  ah(t) = —/tTeXp (t_3> Clrsp, Tom)e(w(s))ds, 1=1,2,....L, teR.

Tol
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Hence, w|jprxs; = 0 gives ¢y = 0in [0,7] x ¥ for all [ = 1,2,..., L. Consequently we
have shown that g = (0,...,0)" in [0,T] x X.

By taking the divergence of (3.5b), the time derivative of (3.5a), and using the explicit
expressions (3.6) for the 1;’s, we obtain a second-order system with memory term

00jw(t) = div (C(p, T)e(w(t))) + Zdiv C(rsp, Tpm)e(w(t))

1 [T t—s

= div (C ([1 4 Lrs]p, [1 4 Lrp]m) e(w(t)))

T L
1 t—s
— div/ — exp ( )
t Z To )l To,l

=1
Accordingly, w(t) := w(—t —T), t € R, satisfies a wave equation that is exactly of the
form discussed in formulas (1) and (2) of [18] with relaxation tensor

C(rsp, pm)e(w(s)) ds.

H(t) = C(p,7) + ilexp ( ) O (rspu, 7o),

t
To,l

using the notation employed in this reference. Indeed, we verify that

L
H(0) = C(p,m) + ZC(TSM,TPW) = O([1 + Lslp, [1 + Lrpr),
=1
and that

L
—0H(t) = Z L exp <_TL1) C(rsp, TpT).
=1 7

We would like to invoke a global uniqueness statement of [18, Thm 1.4] which, however,
requires solutions to the system (3.7) of class H?, i.e., w € H*([0,T] x D,R3). By a
regularization argument, we will demonstrate that the local uniqueness property holds
also for mild solutions w € C(R, L*(D,R3)). To this end let x be the indicator function of
the interval [—1/2,1/2] and define x,(-) := nx(n-) for n € N. Further, set g, := Xn*xXn*g
where x denotes convolution in time. The regularizations g, = (wy, Yon, - .., ¥L,) and
their time derivatives are solutions to the system (3.5) in R x D since the coefficients are
time-independent. Additionally, g,(t) € D(A) for ¢ € R which follows recursively from

t+1/(2n) t+1/(2n) t—1/(2n)
1
X *xg(t) = / g(s)ds = / g(s)ds — / g(s)ds
t—1/(2n) 0 0

since the latter two functions are in D(A) as g is a mild solution of (3.5) (see (2.13a)
which extends to negative times according to Remark 2.2). In particular,

(3.8) w,(T) € Hy(D,R*) and divp,,(T) € L*(D,R?), [ =0,...,L.

Moreover, g, € C*(R, X) since g € C(R, X). Accordingly, d?w,(T) € L*(D,R?). The
relation

% 0ygn(£) = Xn * gt +1/(20)) — xn * gt — 1/(2n))
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proves that 0;¢,(t) € D(A) for all ¢ € R. Thus, in view of (3.5a) for g,,

(3.9) de@bln € H}(D,R®).

Evaluating (3.7) for w,, in t =T gives
div (C ([1 + L7s]p, [1 + Lrp|r) e(w, (1)) = 00;w,(T) in D.

Elliptic regularity shows that w, (T)) € H?*(D,R3) (see [10, Thm. 6.3-6]). Recalling that
gn, satisfies (3.5), we have just shown that the final state g, (T) is in

D(A%) = {(z, bo,...,d1)T € HY(D,R®) x H(div)"*L -
L
dive(z) € L*(D,R?), div ¢y € Hé(D,R?’)}.
=0

In fact, g,(T) € D(A2) can be inferred from (3.8), (3.9), and dive(w,(T)) € L*(D,RR3)
as w,(T) € H*(D,R?).

Setting §,(t) = go(T — ), t € [0,T], and A := B'A — Q, (3.5) can be written
as initial value problem 9,g, = Ag,, gn(0) = gn(T). Further, 0,9,(t) = S(t)gn(T)
where {S(¢)}i>0 is the semigroup generated by A. Since D(A) = D(A), S(t)D(A?) C
D(A2), and 925(t)gn(T) = S(t)A2g,(T), sce, e.g., [26, Prop. 2.11], we conclude that
gn € C%([0,T],D(A?)). In particular, w, € Hz([O,T] x D,R3).

Since w = 0 in [0, 7] x X, we know that w,, = xp, * Xp*w =01in [1/n, T — 1/n] x X.
By assumption, there exists a ¢ > 0 such that T'—46 > 2dist(z, X)) for all x € D. We will
now show that we can use a global uniqueness theorem for solutions to the homogeneous
viscoelastic system (Theorem 1.4 in [18]) to infer that w, =0in (T/2 —0,T/2+0) x D
provided n > 1/6. For that we have to show that our distance function is indeed the
distance function used in [18].

We will now work with the second-order system (3.7). Using the assumptions on the
elasticity tensor, the characteristic polynomial is

p(z,7,8)

o (r B Lrs@)] Ly w(@)[L+ Lrp(e)] — ple)[L o+ Lrs@)] o
= et (o) - L o) )
(o p@ 0t Lrs@)] o\ (@) Lrp@)]

- o e ) ( @ )

see [18, Def. 1.1]. Hence, we have that

al(xvf) = min {M(m)[l + LTS(:U)] 7T(fl?)[1 + LTP(x)] } |£|2

o(x) ’ o(x)
where a; is defined in [18, p. 1531]. Note that this function is of the form ¢?(x)|¢[?, and
c? is continuous. Hence, the distance function is defined by the metric |v], = |v|/c(z)

(see [18, p. 1532)).
Having established that w,, = 0 in (7'/2 — 6,7/2 4+ ) x D for all n > 1/, by the
convergence of the regularizations, the same must be true for the limit function w.
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Finally, we will show that w(7) = 0 in D. To this end we consider again the second-
order formulation of (3.5) similar to (3.7), but now we work with inital values at time
t =T/2. In this case (3.6) has to be replaced by

R e )
(3.10) A
+ /T/2 exp (t — S) C(rsp, pm)e(w(s))ds, 1=1,2,...,L, teR,

Tol

and consequently
00?w(t) = div (C ([ + L7s]p, [1 + L7p|m) g(w(t)))

& 1 t—s
+ div/ — exp < )
(3.11) T/2 Z

=1 Tol Tol
L t—T/2
+) exp ( ) div 4 (T/2).
=1

Tol

C(rsp, pm)e(w(s)) ds

Using now that w =0 in (T/2 —6,T/2+0) x D, gives
L

Zexp (t_T/Q) divep(T/2) =0 in (T/2—-46,T/240) x D,

T
=1 o,l

and since this function is analytic in ¢, we infer that this function must vanish for all
t € R. Hence, in view of (3.11) the function w satisfies an elastic wave equation with
memory term with vanishing initial data at ¢ = 7'/2. This problem has a unique solution
[11] and thus w =0 in (T'/2,T) x D. In particular, » = w(7) = 0 in D. O

Remark 3.3. Theorem 1.4 in [18] uses a different setting from ours. The emphasis is
on the uniqueness of the lateral Cauchy problem. Here we propagate a zero set given
in the interior which is somewhat simpler. Observe that the Cauchy problem in [18] is
treated by extending the function by zero to a larger set which means that the uniqueness
question for the lateral Cauchy problem is actually converted into a uniqueness problem
in the interior.

Below we will need the deviator of a vector field. An element § € L*(Q,R3%?) is called
the (weak) deviator of w € L?(Q,R3) if

/96 cpdr = — /Q w - (divqb — %Vtraee(qb)) dz for all ¢ € CSO(Q,RSYXIE).

We write devw := § and note that devw = e(w) —
i.e., devw is the trace-free part of e(w).

$(divw)I; for w € H'(Q,R?),

Theorem 3.4. Assume that the observation time T satisfies (3.3) for the distance func-
tion (3.4) where c is replaced by its lower bound ¢ with’

02 — min ’U2 1+ LTS,min U2 1+ LTP,min
c S,min 1 +057-S,min7 P,min 1 +057—P,min :

Then, there exist finitely many sources fi,..., fm € WOQ’I(Z) for which the following
holds: For any p = (p,vs,7s,vp,7p) € V7, there is an f € {f1,..., fm} such that the

"Here we use (2.4) and the fact that a < L.
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first component of the classical solution u = (v,0q,...,01)" of (2.6) with source f and
initial values ug = (vo,000,-..,000) = (0,0,...,0)" has a non-trivial divergence and
a non-trivial deviator in Q at time T, i.e., divo(T,-)|q #£ 0 and devo(T,-)|q #Z O.

Proof. Let uw € L*(,R?) have non-trivial divergence and non-trivial deviator. Such
a u can be constructed by choosing u = V¢ for some ¢ € €*(Q) with Ap # 0 and
£ij(V) = 04,0, # 0 for one pair (4, ) with 1 <7 # j < 3. For instance we can choose
p(z) = exp(—[z]*), z € Q.

Since the spaces of (weak) divergence free and (weak) deviator free vector fields in
Q) are proper closed subspaces of L?*(2,R?) there is a ball B.(u) C L?(Q,R3) around
u with radius € > 0 containing only vector fields with non-trivial divergence and non-
trivial deviator. By Theorem 3.2, there is, for any p € V7, an f, € L*([0,T] x X,R?)
such that Tf, € B.j2(u), ie., div(Tfp) # 0 and dev(Tf,) # 0. Note that Tf, =
I1(®(p) fp)(T, -) where IT: L*(€, R?) x L*(Q, R3%3) — L*(Q2,R?) picks the first component.

We can even choose f, € Wi (X) (see (2.16)) because this space is dense in L*([0, 7] x
¥, R3). Additionally, we can assume the sources to be normalized: || prngl & =L

For any other g € V?? we have

[T @ (p) f)(T,-) — u||L2(Q,R3)
< | (q) f) (T ) — ullr2(are) + [[(2(p) — (@) fqlleo,r1.x0)

< 5+ 1@(@) — (@) fulleqor xo

Further, by [33, Lmm. 3.3] (this reference deals with the special case ) = 0, but the result
immediately extends to nonzero @) as considered in this work; see also [34, Thm. 3.7]),

1(@(p) — ®(q)) falleqo.r1.x0) < Callp — dllvs|| fallwzr (s,

where the involved constant Cy depends on 7" and the bounds determining P, see (2.10).
Combining these two estimates we conclude that

IT(®(p) fo)(T' ) — wll2@ps) < &/2+ Callp — qllvs.

Since Vf is compact we can cover it with finitely many, say m, open balls with radii
less than £/(2C3). Denote the centers of these balls by qu, ..., q,. Accordingly, there is
a g such that ||p — qxllvs < ¢/(2Cs). Hence,

IT(®(p) fq )(T, ) — ullr2re) <€
and both, divergence and deviator of II®(p) f,, (7 -), are not identically zero in Q. O

4. LOCAL INJECTIVITY OF THE FWI FORWARD OPERATOR YIELDS TCC

Proposition 4.1. Suppose that o,vs, s, vp, 7p € P are analytic in D. Let h € V°\{0},
and let 3,§2 C D be non-empty, open and disjoint. If the observation time T is as in
Theorem 3.4, then there exists an f € Wg''(X) such that (@) # (0,0)" where T =
(v,00,...,01)" is the mild solution of (2.19) with v being the first component of the
classical solution u = (v,0,...,0r)" of (2.6) with source f and initial values uy =
(v0,000,---,010) =(0,0,...,0)". This f does not depend on h.

Proof. We argue by contradiction. Assume that there exists an h = (hy, ho, hs, hy, hs)" €
V5\{0} such that for any f € Wy"'(X) the corresponding mild solution @ of (2.19),
where v is the first component of the classical solution u of (2.6) with source f and
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initial values uy = (0,0,...,0)", satisfies U(u) = (0,0). According to Theorem 3.4 there
is an f such that v has a non-trivial divergence and a non-trivial deviator in {2 at time
T, ie., divo(T,-)|q #Z 0 and devo(T, -)|q # 0. In particular v(7T,-)|q # 0.

Note that @ = (v,0,...,0)" satisfies the differential equation (2.19) as a mild
solution only in the integrated form, compare (2.13). Using Blg = 0 and Y1, &lg = 0,
the first equation of the integrated version of (2.19) yields

hi(x) O (t,z) =0, (t,z) € [0,T] x .

If hy # 0 then hy(+) # 01in Q by (2.15). Hence, the above displayed equation implies that
0|0, r1x0 = 0 almost everywhere. In view of v(0,:) = vy = 0 we get that v(t,-)[qo =0
almost everywhere for any ¢ € [0, 7] contradicting v(7),-)|q # 0. Therefore, h; = 0.

Next we consider the remaining equations of the integrated version of (2.19). They
yield

0ioo(t,r) = 0 C (11, 7)e(v(t, x)), (t,z) € [0,T] x Q,
0o (t,x) = —Tila(t,a:) +oC(u,me(v(t,x)), l=1,...,L, (t,x)€[0,T]x Q.

Using the zero initial values (2.19d) we can solve these equations to obtain

Folt,7) = 0 /0 C(f, 7)e(v(s, 2))ds, (t,2) € 0,T] x O,

a(t,x):Q/Oexp(8_t)0(ﬁ,%)s(v(s,x))ds, [=1,...,L, (t,x)€[0,T]x .

0Te,l

Summing up and recalling that ZZL:O oo = 0 gives

(4.1) 0= /OtC'(/j—i- H(t —s,2)p, 7+ H(t — s,2)7)e(v(s,z))ds, (t,z) €[0,T] x Q,

where
- —t
H(t,x):= exp ( )
( ) lzl Q(I‘) To,l
We take the trace on both sides of (4.1) which results in
t
(4.2) 0= / D(t — s,x)divo(s,z)ds, (t,z) €[0,T] x £,
0
with

D(t,z) :=3(7(x) + H(t,x)7(z)) — 4(f(x) + H(t,z)a(z)).
Next, we differentiate (4.2) with respect to ¢ to get

¢
0= D(0,z)divo(t,z) +/ 0Dt — s,z)divu(s,x)ds, (t,z) € [0,T] x Q.
0

When D(0,-) # 0 almost everywhere we have a second kind Volterra integral equation
for divw(-,z) for almost every z € Q. The corresponding integral kernel is continuous
in (¢,s), so we have a unique solution, see, e.g., [35, Thm. 3.10]. Thus, divwo(¢,z) = 0,
(t,z) € [0,T] x Q. Contradicting div v (T, -)|q Z 0. So we must have

(4.3) 0=D(0,-) =3(7(-) + L7(-)) — 4(a(-) + LA(-)) in Q
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that is, we are in the situation of (4.2) with D replaced by 0;D. Repeating the above
procedure, we conclude that

0=09,D(0,-) = 9,H(0,)(37(-) — 471(-)) almost everywhere in Q.

Since O;H (0, -) = —$ S 1l # 0 almost everywhere, we must have

(4.4) 3% =47 and 37 =45 inQ

where the latter equality follows from the former plugged into (4.3).
We proceed by taking the deviatoric (trace-free) part of both sides of (4.1):

0= /0 (L+ H(t — s,x)fi) devo(s,z)ds, (t,z) € [0,T] x €.

This equation is of the same type as (4.2). Accordingly, we get the following Volterra
integral equation of the second kind

0= (p+ Lpu)devo(t,x) + /t O H(t — s,x)p devo(s,x)ds, (t,x) €[0,T] x Q,
0
which, for f(-)+ Lji(-) # 0 almost everywhere, admits the unique solution dev v(¢,z) = 0,
(t,x) € [0,T] x Q. This contradicts dev v (T, -)|q # 0. Hence,
(4.5) I+Li=0 inQ
and .
0= /0 OH(t — s,x)pn devo(s,x)ds, (t,x) € [0,T] x Q.

Differentiating with respect to ¢ and arguing as before leads to 71 = 0 in €2, which, in view
of (4.5) and (4.4), yields first T =7 = = p = 0 in Q and then, by (2.19f) and (2.19¢),
hy = hs = hy = h; = 0 in €. Finally, the local linear independence (2.15) finishes the
proof. Il

Local uniqueness of the seismic inverse problem (2.18) follows immediately.

Theorem 4.2. Suppose that p = (p,vs, 7s,vp,7p) € V2. Then, ®'(p) € L(V5,W) is an
imjective mapping, and we have that

min {||®'(p)[hllw : h €V |[hllys =1} > 0.

Proof. Assume the minimum to be zero. As V? is finite dimensional and ®'(p) is continu-
ous, there exists an h € V? with ||h|lys = 1 such that ®(p)[h]|f = 0 for all f € W''(2).
But then h = 0 by Proposition 4.1, which contradicts || hl|ys = 1. 0

In Theorem 2.3 we have seen that the derivative of the FWI forward operator is Lip-
schitz continuous. Now an application of Lemma C.1 from [19] yields our main result,
that is, Lipschitz stability (4.6) of the semi-discrete seismic inverse problem and the TCC
(4.7) for the semi-discrete FWI forward operator.

Theorem 4.3. For any p = (0,vs,Ts, vp, 7p) ' € V? there exists an open ball B,(p) C V?
such that

(4.6) Ip1 = pallvs < [|P(p1) — @(p2)],,

and

(4.7) [2(p1) — @(p2) — ' (P2)[P1 — P2l ||y < 1 = P2llvs [ @(p1) — ©(p2) [l
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for all p; € B.(p), i =1,2.

Remark 4.4. In [17] we considered the elastic regime. There we could prove local injec-
tivity and TCC under weaker smoothness assumptions: o € C'(D) and vs,vp € C*(D).
Moreover, the observation period T had to be only large enough for the shear waves to
reach all of Q) and not all of D, that is, D and T'/2 can be replaced by 2 and T in (3.3),
respectively. We conjecture this to hold in the viscoelastic situation as well.

Remark 4.5. Let {fi,..., i} C W>L(X) be the set of m sources whose existence is
guaranteed by Theorem 3.4 and define a corresponding parameter-to-source map according
to
0: Vi C VP = (0,7, X)), p— (B(D)f1,- ., ¥D)fm)

where ® is as in (2.17). Then, the local uniqueness result of Theorem 4.2 carries over
to © yielding local Lipschitz stability and TCC as well. Please note that © models a
multi-shot experiment in the language of geophysics. Unfortunately, neither m nor the
fi’s are known explicitly.

5. CONCLUSION AND DISCUSSION

In this work we have extended the results from [19] for FWI in the acoustic regime to
the viscoelastic regime: TCC holds for the corresponding forward operator and hence a
variety of Newton-like solvers for the seismic inverse problem (2.18) are locally convergent
regularization schemes. Moreover, (2.18) is locally wellposed.

From a practical point of view one would like to span the parameter space V' by basis
functions having a compact support (the local case) and less regularity. The resulting
difficulties have already been discussed in Remarks 3.3 and A.3 of [19] which apply to
the present situation with straightforward modifications.

APPENDIX A. PROOF OF THEOREM 2.3

We decompose

(A.1) &=VoFoB,
where B: P C L>(D)®> — L*(X) :={J € L(X) : J* = J} is given by
_ 0 -
:;)0 C™H(p, m)tho
(0,vs,Ts, vp, Tp) > R e K € V7R L
i [CH (75, Tom )1

where p and 7 have been defined in (2.9).
Furthermore, we define the mapping

(A2) F:D(F)cC L (X)— L(Wg'(D),e([0,T], X)),

=8

P (fu=(v,00,...,00)"),

where u is the classical solution of (2.6) with f = (f£,0,...,0)", up = 0, A from (2.5),
and B is replaced by

PeD(F):={Ae L (X) : Alzl% < (A, z)x < Ay fJz|% )



TANGENTIAL CONE CONDITION IN THE VISCOELASTIC REGIME 17

for some 0 < A_ < Ay < oo. In view of (2.8) and (2.12) we can choose A_ and A\, depend-
ing only on the constants defining P such that B(P) C D(F). Then, the factorization of
® in (A.1) is well defined and we obtain that

®'(p) = VF'(B(p))B'(p), p = (0,vs,7s,vp,7p) € P.

The differentiability of F' is established in the following theorem and B’ is explicitly given
in (A.5) below.

Theorem A.1. The map F defined in (A.2) is Fréchet-differentiable at P € D(F') where
F'(P)[H]f =u for H € L*(X)
withw € €([0,T], X) being the mild (in fact the classical) solution of
PU(t)+ (A+ PQ)u(t) = —H(u'(t) + Qu(t)), t € [0,T], u(0)=0,
where u = F(P)f. Moreover, F' is Lipschitz continuous, that is,
(A.3) [F'(P) = F'(P)llees0.8) S NP1 = Pollecy,  Pr, P2 € D(F),
where the Lipschitz constant only depends on T, A\_, and A, .

Proof. The Fréchet-differentiability is already shown in [34, Thm. 3.2]. The Lipschitz
continuity of F’ follows by a slight modification of the proof of Theorem B.2 from [19] in
which a similar result is formulated for Q = 0 in (2.6). O

For any p; € P, i = 1,2, using (A.3) we proceed with
19" (p1) — @' (P2)lcvswy < IF(B(p1))B'(p1) — F'(B(p2))B'(p2)llc(vs )
< |(F'(B(p1) = F'(B(p2))) B'(p1)|| s .5,
(A4) P BED) (B @) - B )| aes,
S IB(p1) — B(p2)llecx) 1B'(p) [l evs e

X))
+ [ (B(p2))llzierx) 9 1B'(p1) — B'(p2)]
As P is bounded, the Lipschitz continuity (A.3) further yields that || F'(B(p))|lc(cx(x)$) S

~Y

1 uniformly in p € P. In the next step we show uniform boundedness of || B'(-)||z(vs ¢+ X))
in P. From [34, Sec. 4.2] we have, for h = (hy, ho, hs, hy, hs) € V°, that

‘ (V5,L%(

hl w
—B O, m)po + 0 (CY) (u, H o
w
o | ¥ b . i
(A.5) Bp)h | . | = | -2 C (rsp, 7om)p1 + 0 (C7) (751, 7o) |
Y
hi -1 —1y i
T o C (TSM7 TPW)d)L + 0 (O ) (TS,ua TPW) Z qva
where [, 7, and j1, T, are linear functions of ha, ..., hs, see (2.19¢) and (2.19f), respectively.

Further, B
(Y (i) {;] — Ol O, )
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This explicit expression of B’ together with (2.8) implies || B'(p)||zvs c«(x)) < 1 forp € P.
Substituting these estimates into (A.41) we obtain that

|9 (p1) — @' (P2) leqvswy S |1 B(p1) — B(p2)|lecx) + [1B'(p1) — B'(P2)ll (v e (x)
Sy — p2llvs + 1B/ (p1) — B'(p2) |l c(vs,ex(x)).

where we used the mean value theorem and the estimate || B'(p)||cvs c+(x)) S 1 for any
p € P in the last step. The final estimate

HB/(Pl) - B,(pZ)HL(V5,L*(X)) S le - P2Hv5

can be validated either directly using (A.5) or by applying again the mean value theorem
together with the estimate ||B”(p)[h1, hol|c(x) S [[h1llvs||he||vs for p € P and by, hy €
V3 where the second derivative B”(p) is given in [34, Sec 4.3].
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